Comparatively few of the large number of genetic associations now reported have resulted in the identification of the polymorphisms that influence the phenotypes. In many cases of course this is because the association is a false positive and there is no causal polymorphism to be found (Lohmueller et al. 2003) . Even when the associations are real, however, the association is often observed at noncausal polymorphisms that are in linkage disequilibrium (LD) with the polymorphisms directly responsible for the phenotype. Once the genomic region associated with the trait of interest has been identified based on a set of relatively coarse markers, the final identification of the causal variant is a considerable task. Relatively little work has been done on how to optimize the genetic analyses required for this identification. Here we introduce methods for fine localization, including a formalization of the concept of an associated interval (Goldstein 2003) , and apply these methods to a well studied polymorphism in the ABCB1 gene.
The ABCB1 gene, also known as Multi-Drug Resistance 1 (MDR1), is a large gene (209 Kb) encoding the membrane-bound ATP-dependent pump P-glycoprotein (PGP). PGP is active at the intestinal, placental, and blood-brain barriers, and in renal and hepatic tissue (Thiebaut et al. 1987; Cordon-Cardo et al. 1989; Schinkel 2001) , and mediates the efflux of a wide range of different substrates, including over 50 commonly used drugs (immunosuppressants, Lown et al. 1997; cardiac glycosides, de Lannoy and Silverman 1992; Ito et al. 1992 ; HIV-1 protease inhibitors, Kim et al. 1998; Polli et al. 1999; ␤-blockers, SpahnLangguth et al. 1998; and many others, Bellamy 1996; Fromm 2002; Gottesman et al. 2002; Wandel et al. 2002) . PGP overexpression plays an important role in the development of multidrug resistance in cancer cells (Gottesman et al. 2002) .
A silent C to T transition in exon 26 of ABCB1 (3435C>T) has been associated with differences in PGP levels and activity in Europeans (CC>CT>TT, P = 0.056 and P = 0.053, respectively, Hoffmeyer et al. 2000) . The polymorphism has also been associated with PGP function, for example as reflected in digoxin uptake (Hoffmeyer et al. 2000) or rhodamine efflux (Hitzl et al. 2001) , and with clinical conditions such as drug-resistant epilepsy (Siddiqui et al. 2003) , susceptibility to ulcerative colitis (Schwab et al. 2003) , and immune recovery after initiation of antiretroviral treatment (Fellay et al. 2002) .
Although the silent 3435C>T polymorphism could affect PGP levels and activity through, for example, effects on mRNA stability or codon preference, four main lines of evidence suggest the possibility that the 3545C>T may not be causal, but rather a marker for one or more yet unidentified causal variants. (1) Sitespecific mutagenesis experiments have demonstrated that the 3435C>T polymorphism (and the 2677G>A,T nonsynonymous substitution in exon 21) has no effect on PGP transport activity in vitro (Morita et al. 2003) . (2) Genotypes at 3435C>T were not associated with an alternatively spliced form of PGP (Oselin et al. 2003a) , suggesting that 3435C>T does not act as a cryptic splice site. (3) Despite a wealth of clinical studies investigating the effect of 3435C>T on ABCB1 expression and function in different populations, the correlation between 3435C>T and PGP levels and activity does not appear completely consistent, both across and within ethnic groups (Fromm 2002; Nakamura et al. 2002; Oselin et al 2003b; Sakaeda et al. 2003) . (4) In some studies, two-locus haplotypes have shown a stronger correlation with activity (inferred from digoxin uptake) than the 3435C>T polymorphism alone (Johne et al. 2002) . Moreover, the 3435C>T polymorphism sits within an extended track of LD, suggesting that the causal variant could be anywhere within this stretch of sequence (Tang et al. 2002; Siddiqui et al. 2003) , most of which is poorly characterized for variation.
To characterize a set of candidate causal variants, we use a Bayesian approach to formalize the idea of an "associated interval," which is the stretch of sequence surrounding the associated polymorphism having sufficiently high LD that the causal variant should reside within it (Goldstein 2003) . The intention is that outside of the associated interval, variants will not have sufficiently high correlation with the 3435C>T variant to drive an association between this site and the phenotype. The approach applies to the common situation in LD mapping in which LD data are available for a coarse set of markers in control individuals, including the variant that has been associated with the phenotype. The approach provides statistical guidance about the boundaries of the associated interval on the basis of a comparison of the association between the associated variant and the phenotype on one hand, and between the markers and the associated variant on the other hand. In order not to have an unreasonably conservative definition of the interval, it is also necessary to place a priori belief on the relative risk of the causal variant.
Once boundaries of the associated interval have been assessed in this or another way, with sufficient phenotypic data to constrain them, all polymorphic loci within the associated interval should be identified, and typed in the phenotyped material. The problem then becomes one of distinguishing the polymorphisms based on the extent of association with the phenotype. Here we used the association of 3435C>T with both clinical phenotype (e.g., Siddiqui et al. 2003) and with intermediate phenotypes (Hoffmeyer et al. 2000) to assess the associated interval.
Using the formal definition of an associated interval, we find that the interval is not well defined within the region, and that by using the Bayesian approach virtually all of the singlenucleotide polymorphisms (SNPs) in the gene could be considered candidates for being causal. We expect that the poorly defined interval results from the very modest association with the clinical phenotype, and that in the case of ABCB1 it will be appropriate to refine the interval further by more accurate assessment of the association between 3435C>T and intermediate phenotypes (such as uptake of a substrate such as digoxin, or mRNA or protein levels in appropriate tissues). We have therefore concentrated our discovery efforts on a portion of the associated interval having particularly high levels of LD with 3435C>T. We then sought to identify all variants in this region that are tightly associated with 3435C>T by noting that the highest levels of association would be for SNPs that have arisen nearly simultaneously in the genealogy of the surrounding portion of the ABCB1 gene, which is required for very high levels of association (Slatkin 1994) . Variants due to mutations occurring in the same part of the genealogy as the 3435C>T polymorphism can be identified by resequencing representative chromosomes that are, and are not, derived at the 3435C>T polymorphism (defined as the mutant state compared to the homologous primate sequence). Using this approach we identified and characterized three intronic polymorphisms that could be involved in regulating the expression of ABCB1. One of them was significantly associated with resistance to antiepileptic drugs and sits within an evolutionarily conserved genomic region. On current evidence, these loci are as good candidates as 3435C>T in explaining multidrug resistance in epilepsy due to ABCB1.
RESULTS AND DISCUSSION

Assessing the High-LD Interval
Resequencing of 12 amplicons distributed along the length of the ABCB1 gene and corresponding to a total of 4.1 kb identified 17 SNP loci in 24 CEPH trios (Table 1) . Three loci had a low minor allele frequency (<6%) and were therefore excluded from further analysis, because it is unlikely that these low-frequency variants could be responsible for the observed association between PGP activity and the common 3435C>T polymorphism. We used the 14 SNPs with high minor allele frequency to assess the LD pattern throughout the gene. In our sample, we detected significant evidence of LD (Fisher's exact test is significant at the 0.05 level) between intron 3 and intron 27 (Fig. 1) . We do not know how far LD extends upstream of intron 3, as the polymorphism at the 5Ј end of the gene was too low in frequency for reliable LD inference. r 2 values drop in the region between the two polymorphisms in intron 27, about 4.6 kb downstream of the 3435C>T site (Fig. 1, upper panels) .
We used a Bayesian method (described in Methods and in Supplemental material) to assess the support for each SNP in turn being causal relative to the alternative model that 3435C>T was causal. We found that the boundaries of the associated interval ( Fig. 1) were not adequately described when the Bayesian method was applied to the LD data (from the 24 CEPH trios) combined with clinical case-control data for 3435C>T on anti-epileptic drug response (Siddiqui et al. 2003) . We also found that data on intermediate phenotype association for 3435C>T did not delimit the associated interval either (data not shown). Further investigations using simulated data suggest that the association with clinical phenotype is too weak to constrain the interval well, whereas available data on intermediate phenotype suffers from measurement error and low sample sizes. Although the formal assessment of the associated interval does not appear to provide useful guidance in this case for prioritizing which part of the gene should be further studied, it does provide a framework for making judgement about the cost effectiveness of fine localization strategies. For example, in this case, it appears that a larger and more accurate assessment of the intermediate phenotype would provide more discrimination among markers throughout the gene.
For this reason, we have decided to concentrate here only on a region of particularly high LD within the overall associated interval, on the assumption that this core region would be included even in a more tightly defined associated interval following, for example, a larger and more accurate assessment of the association between 3435C>T and the intermediate phenotype.
Our approach here therefore cannot be viewed as completely exhaustive, but rather is an appropriate first step giving the costs of exhaustive resequencing in genes as large as ABCB1. This high LD interval is defined in Figure 1 .
In the region between IVS 6+139 and IVS 26+1684 we identify four major haplotypes in Europeans (Table 2 ). In the two most frequent haplotypes (35%, haplotype 1; 15%, haplotype 4), (Fig. 2) . We selected two individuals for sequencing based on the following two criteria: (1) they were, respectively, homozygous for the C and T alleles at 3435C>T, and (2) their haplotypes were homozygous and nonrecombinant at all loci in the high-LD interval. This directed genotyping strategy will preferentially identify SNPs with high r 2 values with 3435C>T.
Screening for Candidate Polymorphic Sites Within the High-LD Interval
In these two individuals (CEPH ID 1420-02 and 1333-01, Table  3 ), the 1236C>T-IVS 27+1266 interval was sequenced entirely except for gaps corresponding to less than 3 kb, where the presence of low-complexity regions prevented sequencing. A total of 53 additional polymorphisms were found in the 42 kb that was resequenced, 32 of which were previously unknown ( Table 3) . Fourteen of these were homozygous (and different) in the two individuals, and 39 were heterozygous in at least one of them. In general, these are all potential candidate causal sites. However, for reasons given above we concentrated on homozygous sites, as they are more likely to have high or complete LD with the 3435C>T polymorphism. To assess these new polymorphisms, we calculated LD with 3435C>T by resequencing CEPH trios at each of the 14 polymorphisms that showed homozygous differences. Typing of the new homozygous variants revealed that, within the high-LD interval, a smaller region downstream of the IVS 25+3050 G>T site had the highest r 2 values. Therefore, within this region of elevated LD, we also calculated LD with 3435C>T for all the sites that were heterozygous in at least one of the sequenced individuals.
Assessing Candidate Polymorphisms
The 14 polymorphisms that were homozygous in the two individuals, and the three polymorphisms that were heterozygous in the region of greatest LD with 3435C>T, were typed in two sets of 24 CEPH trios, and LD with 3435C>T was calculated ( Fig. 3 ; not all of the polymorphisms were sequenced in the same individuals, but in all cases the 3435C>T polymorphism was typed to allow assessment of pairwise r 2 ). All 14 homozygous polymorphisms are intronic; six are novel. Eleven of these 14 homozygous sites have intermediate to low values of r 2 against 3435C>T (0.19-0.50, Table 3 ), and will not be considered further. The three other originally homozygous sites have high or complete LD with 3435C>T in the 24 CEPH trios (Fig. 2) . The IVS 26+80 T>C polymorphism (corresponding to dbSNP rs2235048) is located 134 bp downstream of 3435C>T in intron 26. This SNP is in near-complete LD with 3435C>T in the CEPH trios (r 2 = 0.91, Fisher's exact test P < 0.001). Two other variants showing high LD with 3435C>T, IVS 25+3050 G>T (r 2 = 0.73, Fisher's exact test Figure 1 (A) Graph of pairwise r 2 measures of LD among the 14 highfrequency (>6%) ABCB1 SNP loci described in Table 1 . (B) r 2 for 3435C>T against each of the remainder SNPs, together with Bayesian 95% credible intervals calculated by the method described in the Supplemental materials. The dashed box identifies the high-LD interval around 3435C>T. All sites upstream of IVS 27+1220 show association with 3435C>T, significant at the 0.001 level (Fisher's exact test). At the loci downstream of this site, we observe no significant association (P > 0.05) with 3435C>T. Throughout the study we used r 2 to measure association, to take into account the dependency of LD on allelic frequencies. (C) Graph of posterior odds of each SNP being causal relative to 3435C>T being causal, based on the combined LD data and case control data on 3435C>T (Siddiqui et al. 2003 ), using the method described in the Supplemental materials. P < 0.001) and IVS 25+5231 T>C (r 2 = 0.79, P < 0.001), represent new SNPs, and are both located in intron 25 (Table 3) . IVS 25+3050 G>T is associated with a polymorphic A n T 9 repeat, which itself could not be accurately genotyped by resequencing in the CEPH trios. Among the variants showing heterozygous differences between the two sequenced individuals, r 2 never exceeds 0.35. This suggests that in sequencing through a high-LD interval in representative derived and ancestral chromosomes at the associated polymorphism, it may be sufficient to subsequently characterize only the polymorphisms showing homozygous differences, in order to identify high-LD variants.
Association With Drug Response in Patients With Epilepsy
We reanalyzed 3435C>T in a cohort of 286 drug-resistant and 135 drug-responsive patients with epilepsy, partially overlapping with the cohort analyzed by Siddiqui et al. (2003) . We confirmed the significant association between 3435C>T and response to anti-epileptic drugs reported by Siddiqui et al. (2003) . The C allele (high activity) was significantly overrepresented in the drug-resistant group for both allelic and genotypic intergroup comparisons ( 2 = 4.509, P = 0.034 and 2 = 6.855, P = 0.032; Table 4 ).
In addition, we genotyped the three newly identified SNPs having high r 2 with 3435C>T, and the well characterized exon 21 SNP (2677G>T,A) that has been proposed to be a functional variant (Kim et al. 2001) . Among the three intronic variants, the T allele at IVS 26+80 T>C also showed borderline-significant association with drug response for both allelic and genotypic intergroup comparisons ( 2 = 3.782, P = 0.052 and 2 = 5.629, P = 0.060). At the three other variants investigated, we could not detect a significant association with drug resistance for either alleles and genotypes: IVS 25+3050 G>T ( 2 = 2.108, P = 0.147 and 2 = 2.840, P = 0.242), IVS 25+5231 T>C ( 2 = 0.766, P = 0.381 and 2 = 1.560, P = 0.458), and 2677G>T,A (Fisher's Exact test P = 0.660 and P = 0.870).
Analysis of two-locus haplotypes, representing all possible combinations of two of the five loci, did not reveal a significant association with drug resistance (data not shown).
To assess whether 3435C>T provided a significantly better association with phenotype than the other four SNPs, we added 3435C>T genotype as an additional explanatory factor to each of four logistic regression models (one for each other SNP) in which the other SNP genotype had already been entered as an explanatory factor (to allow fair comparison and make all the SNPs diallelic, the 11 people with the third A allele at 2677G>T were excluded). In one case, adding the 3435C>T genotype improved association significantly (2677G>T: P = 0.047), whereas in the other three cases there was no significant improvement (IVS 25+3050 G>T: P = 0.135; IVS 25+5231 T>C: P = 0.067; IVS 26+80 T>C: P = 0.387). These results suggest that among the proposed candidate SNPs, only one could be functionally causal, with the others associated through LD alone. It is of interest to consider the relative probabilities of these five SNPs being causal, under the assumption that only one of them is in fact causal. We assigned equal prior weight to the five alternatives, then restricted the data set to those patients with no missing data for any SNP (n = 260) and used Laplace's method of approximation for the Bayes factors (Kass and Raftery 1995) . The posterior probabilities for each alternative model were estimated to be 0.002 that 2677G>T is the causal SNP, 0.036 that IVS 25+3050 G>T is causal, 0.024 that IVS 25+5231 T>C is causal, 0.559 that 3435C>T is causal, and 0.379 that IVS 26+80 T>C is causal. These data suggest that 3435C>T is 236 times more likely to be the causal SNP than 2677G>T, between 15 and 24 times more likely to be the causal SNP than IVS 25+3050 G>T or IVS 25+5231 T>C, but only 1.5 times more likely to be the causal SNP than IVS 26+80 T>C.
These results indicate that IVS 26+80 T>C and 3435C>T are almost equally strong candidates for explaining resistance to anti-epileptic drugs due to PGP activity, and that IVS 25+3050 G>T and IVS 25+5231 T>C are less likely, though still possible. IVS 26+80 T>C and 3435C>T are less than 200 bp apart and in near-complete LD in the patients (pairwise r 2 = 0.98). These results are consistent with the two hypotheses that either one, or both, of these variants are directly causal to the phenotype. If only one of the two variants were causal, the other then displays significant association with the phenotype because of LD between the variants. Note that although the two other variants are also in high LD with 3435C>T in the patients (r 2 = 0.84 and r 2 = 0.80), they are not significantly associated with the drugresistant phenotype, and based on the current evidence are less Haplotype numbers and frequencies are relative to parental chromosomes only. The 3435C>T variant is bold underlined.
Figure 2
Reduced-median haplotype network of ABCB1 haplotypes found with frequencies >5% in the set of 24 CEPH trios, as described in likely candidates. Finally, we note that when these four candidate SNPs plus 3435C>T were assessed directly by typing all of these in cases and controls, a positive relationship between association with the phenotype and association with 3435C>T (measured by r 2 ) was found. Although this can only be taken as suggestive, as only a small number of SNPs were typed, it may indicate in this case that the causal SNP is indeed one of those in high LD with 3435C>T. For exonic SNPs, the locus name refers to the base position in the ABCB1 cDNA (GenBank acc. no. M14758), with the first base of the ATG start set to 1. Intronic SNPs were named as follows: the intron number was followed by a number indicating the distance from the G of the donor site invariant GT immediately upstream of the SNP. b SNP position within the reference contig (GenBank acc. no. NT_007933). The ancestral state of the polymorphism was determined either by sequencing a chimpanzee sample, or assuming that the ancestral state was the most frequent allele in our sample. For SNPs marked with d this information is missing. The new variants were deposited in the GenBank database (ss ID above).
e MAF (minor allele frequency), and f r 2 (posterior mean) against 3435C>T were calculated in unrelated CEPH chromosomes only for the newly identified homozygous sites, and for the heterozygous sites located in the region downstream IVS 25+3050 G>T.
Evolutionary Conservation of ABCB1 Intronic Sites and Possible Effect of the Newly Discovered Polymorphisms
Comparative genomics approaches can help to prioritize associated polymorphisms by identifying evolutionarily conserved sequences with a potential functional role, for example in intronic or promoter regions of genes. In particular, the phylogenetic shadowing method (Boffelli et al. 2003) can be applied to the comparison of multiple species closely related to humans, allowing detecting functional regions that evolved late in mammalian evolution.
Phylogenetic shadowing exploits a two-rate nucleotide divergence model (slow for constrained evolution and fast for unconstrained), where these two states are calibrated on the divergence of a known functional region for a given group of species. These are then used to calculate the relative likelihood that any given nucleotide site within a region of interest is subjected to a slower or faster rate of accumulation of variation, related to functional constraints imposed on each site (Boffelli et al. 2003) . We implemented this method by sequencing approximately 0.8 kb and 1.5 kb around the IVS 25+3050 G>T and 3435C>T sites in 15-17 species spanning the primate phylogeny (details in Methods). The divergence between exon 26, contained within the larger amplicon, and the flanking intronic sequences was used to calibrate the parameters of the two-rate divergence model for the set of sequences (eS 0.9227, eF 0.6986, T 0.0013).
The plots of cumulative divergence obtained by phylogenetic shadowing are shown in Figure 4 . The block of significant conservation (orange shading) between nucleotides 477 and 1078 of the reference human sequence in Figure 4A comprises the entire exon 26 and the flanking intronic sequences. It is interesting to note that the IVS 26+80 T>C variant is included within this block of significant conservation. Conversely, both the IVS 25+3050 G>T and IVS 25+5231 T>C variants in intron 25 are within stretches of low or no conservation (Fig. 4A,B) . This analysis suggests that, among the three intronic sites, IVS 26+80 T>C is the most likely to be functional (in addition to 3435C>T). The proximity of IVS 26+80 T>C to exon 26 however makes it difficult to confirm whether the variant itself is functional, or its conservation is due to its physical proximity to exon 26.
A possible effect for the intronic variants could be through either RNA splicing or transcriptional regulation. For instance, a polymorphism in a region mediating the binding of the spliceosome to the pre-mRNA, associated with the low-activity T allele at 3435C>T, may act to reduce ACBC1 splicing efficiency. This would result in a lower rate of production of the correctly spliced RNA, and hence of PGP, in lowactivity TT homozygotes (Hoffmeyer et al. 2000) . Another possibility is that one of the variants sits in one as yet undiscovered transcriptional regulator of ABCB1. We used a bioinformatic approach to infer the presence of putative transcription factor binding sites that may be affected by one of the three polymorphisms. This analysis showed for instance that at the most likely (non-3435C>T) candidate causal site IVS 26+80 T>C, the T to C transition, associated with the low-activity T allele at 3435C>T, may lead to the loss of a binding site for Sp1, a known regulator of ABCB1 (Cornwell and Smith 1993) . Similarly, the G to T mutation at IVS 25+3050 G>T may generate a new putative TATA binding protein (TBP) site, which may inhibit ABCB1 transcription through p53 (Truant et al. 1993; Nguyen et al. 1994) . At IVS 25+5231 T>C, a T to C substitution creates a putative NF-ATp binding site associated with the high-activity CC at 3435C>T. Although intronic transcriptional enhancers/ silencers are sometimes found at the 3Ј end of genes, these results should be taken with caution, as bioinformatic predictions of transcription factor binding sites are expected to generate a large number of false positives. No published evidence suggests the presence of enhancers near the exon 26 of ABCB1.
It is clear that a correct evaluation of these or other possible biological effects will only be obtained with the functional characterization of these putative candidate causal SNPs, including in vitro splicing experiments and/or promoter analysis.
Figure 3
The high-LD interval (A, dashed box) was fully sequenced in two chromosomes, leading to the identification of candidate causal sites; resequencing of these variants in CEPH trios was used to resolve LD structure within this interval (B). Of all homozygous variants, those that are in high or complete r 2 with 3435C>T (᭹) are the most likely candidates to be causal; heterozygous mutations (᭝) result in decreased r 2 . (᭺) The cases where a new set of CEPH trios was used to calculate r 2 compared to the rest of the study. Bars indicate the Bayesian 95% credible intervals calculated by the method described in Supplemental materials.
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Design of a Set of Haplotype Tagging SNPs (tSNPs) for ABCB1
The analysis of haplotype tagging SNPs (tSNPs) was carried out on the set of 14 high-frequency SNPs (Table 1) . Tagging SNPs were identified that provide a coefficient of determination of at least 0.85 in predicting all the known SNPs (haplotype r 2 criterion as defined in TagIT Goldstein et al. 2003 ]). One set of SNPs satisfying the criterion corresponds to SNPs 2, 6, 8, 12 (or 11), 14, and 15 of Table 1 . Full details on the tag design are given in the Supplemental material.
Conclusions
This study illustrates the importance of following up reported associations with detailed genetic analysis including, where necessary, deep resequencing of the genomic region within which the causal variant may reside (i.e., the associated interval, as defined in Goldstein 2003) . We emphasize however that in general, the boundaries of the associated interval will be difficult to define. One reason for this is uneven decay of LD with physical distances. Another is because the uncertainties attached to the phenotypic data (both in terms of low odds ratios and small sample sizes) may be such that even SNPs with a low r 2 value to an initial candidate (in this case, 3435C>T) cannot be excluded.
Our formalization of the associated interval suggests that when the initial association between a variant and a phenotype is weak, the extent of associated interval will be extremely large, even if LD is only modest in the region. In these situations, there would be a considerable advantage to the use of intermediate phenotypes, where available, to refine the interval. The method described in the Supplemental material would allow prior evaluation of how additional sorts of data (more accurate estimation of LD pattern in controls, more accurate assessment of the clinical association, or intermediate phenotypes) might be used to help constrain the associated interval.
This approach therefore can help to determine the most cost-effective strategies for follow-up of first associations, as opposed to simply carrying out deep resequencing through very large associated intervals. We suspect that in this case refinement of the intermediate phenotype could lead to an identification of the associated interval commensurate with the high-LD interval described in Figure 1 , and within this region we have identified, a reasonably complete set of candidate causal variants can be identified with modest experimental effort. It is also worth noting that failure to identify any functional variants in well defined associated intervals would have to lower confidence in the original reported association (Lohmueller et al 2003) .
The application of our approach may be particularly effective to screen intronic regions of genes in cases where candidate coding variants have not been discovered, because deep resequencing through introns can be extremely costly, and all possible sources of information should be appropriately combined to identify the associated interval. In pharmacogenomics, for instance, variation in gene expression appears to underlie at least in part differences in drug response among individuals. As most studies to date have focused on the resequencing of exons, core promoters, and intron-exon boundaries, the bulk of intronic and other regulatory variation is likely to have been systematically undetected. A future challenge for genetic association studies will be to identify intronic polymorphisms of medical relevance.
The application of the proposed method to the analysis of the ABCB1 has led to the identification of three intronic polymorphisms that represent, in addition to the well characterized 3435C>T, alternative well supported candidates for the well known and clinically relevant polymorphism affecting PGP activity. Based on our additional analyses we could not rule out any of these three sites as a possible candidate, although a test of association of these three variants with drug-resistant epilepsy, and evolutionary conservation, show IVS 26+80 T>C to be the strongest candidate. It is now important to assess experimentally whether any of these polymorphisms has a functional effect. If none of the three well supported non-3435C>T polymorphisms do, this would either reduce confidence that the original associations between 3435C>T are real, or indicate that a SNP with low r 2 to 3435C>T was responsible.
Assuming that many of the originally reported associations are in fact real, the identification of the causal variant in the case of ABCB1 is of considerable importance. The discrepancies highlighted by the large number of clinical studies addressing the effect of 3435C>T on ABCB1 expression and function, and its pharmacokinetic and pharmacodynamic properties, call for a more thorough analysis of the regions surrounding 3435C>T and the corresponding haplotypes (Sakaeda et al 2003; Sparreboom et al. 2003) .
If the new polymorphisms were confirmed to influence enhancer or splicing activity, this could be of relevance in a range of clinical settings. ABCB1 expression is finely regulated through a complex network of transcription factors and posttranscriptional mechanisms, in response to a variety of different stresses (Kantharidis et al. 2000; Labialle et al. 2002) . Despite extensive efforts, studies have failed to describe an unequivocal correlation between core promoter elements and stress-inducible PGP overexpression, suggesting that additional undiscovered cis-acting regulatory elements may exist (Labialle et al 2002) . The identification of novel genomic regions with enhancer function in ABCB1 would help elucidate the mechanisms underlying both constitutive and inducible PGP overexpression.
METHODS SNP Genotyping and Resequencing
Seventeen SNPs distributed along the length of the gene were genotyped in 24 CEPH (Centre d'Etude du Polymorphisme Humain) trios following Siddiqui et al. (2003;  Table 1 ). Amplified PCR products were sequenced using the Big Dye Terminator cycle sequencing kit (Applied Biosystems) in the presence of 10 pmoles forward or reverse primer. Sequencing was carried out using a 3700 ABI automated sequencer. Sequence analysis and contig assembly were done using Sequencher software (v. 4.0.5, Genecodes). Sequence traces were scored twice, and the genotyping data were checked by random resequencing of 10% of the samples. The estimated error rate was 0.015. The ancestral state of each allele was inferred by sequencing one chimpanzee.
Two individuals who were homozygous at assayed SNPs in the region between IVS 6+139 and 3435C>T, and representing respectively two ancestral (CEPH1422-02) and two derived (CEPH1333-01) chromosomes at 3435C>T were selected for sequencing. Resequencing of the region between 1236C>T-IVS 27+1266 C>A (∼45 kb) in these two samples was done using 51 pairs of primers designed to amplify partially overlapping amplicons (available at http://popgen.biol.ucl.ac.uk/supdata.html). The new variants were named as described in Table 3 .
Data Analysis
Bayesian Assessment of Associated Interval
Here we formalize the idea of an associated interval as defined in Goldstein (2003) . The idea applies to a situation in which a polymorphism has been associated with a phenotype of interest in one data set ("phenotyped" data set). This polymorphism is referred to as the "associated variant," M. In a separate data set ("LD" data set) there is information about the pattern of association between a set of linked SNPs and the "associated variant." These two sources of information are combined to assess which markers, and the sequence stretch that they delimit, should be considered as candidates for causing the original genotypephenotype association. This stretch of sequence is the "associated interval" and should be exhaustively searched for causal variants. We note that given the imminent availability of a relatively dense set of LD genotype data stemming from the HapMap project, this situation will soon be very common. A variant will be associated in a "phenotyped" data set, and typing it in the same individuals used in the HapMap project will provide data on the association between the associated variant and linked polymorphisms. The approaches described here will allow estimation of the associated interval in this context. Figure 5 describes the two Bayesian models, which are applied separately to each SNP i in the LD data set. Model 0 proposes that SNP M, the "associated variant," is causal. Model 1 proposes that SNP i is causal. Under Model 0, the phenotypic data P in a set of n Y phenotyped individuals is explained directly by the known genotype information, G M , regarding SNP M, via an association model described by parameters in b (call this set b 0 for Model 0). Under Model 1, P is explained indirectly by linkage of M to SNP i (determined by f, the vector of four twolocus haplotype frequencies) and then by the association model between SNP i and phenotype described by parameters in b 1 . Information on f is obtained from the LD data set, G, which contains genotype information on M and SNP i in a sample of n G individuals. G is allowed to contain phase-resolved information on heterozygotes, if available from, for example, typing family members.
Many different forms of the association model, described by the parameters in b, are possible (see Supplemental material). One such model, used to generate Figure 1C , is a logistic regression model appropriate for case-control data. It is assumed that the genotypic odds ratio is greatest between the two homozygous genotypes-denoted by parameter . The odds ratio between the heterozygous genotype and the reference homozygote is given by c , where c is a dominance modifier taking a value between 0 and 1 ( 1 ⁄2 indicates no dominance). We gave c an uninformative uniform prior, but we chose to apply an informative prior to , based on the emerging picture of the strength of clinical association found for variants implicated in complex diseases. To date the strength of association, even for variants of strong effects, does not usually exceed = 5. We therefore applied a Normal prior to log e (), centred on zero, with 2.5% and 97.5% percentiles of ‫ע‬log e (5).
We used WinBUGs (Spiegelhalter et al. 2003) to find joint posterior distributions of f and b via Markov chain Monte Carlo approximation. We assessed the associated interval by estimating the posterior odds ratio: P(Model 1|Data) / P(Model 0|Data). We assumed equal prior weight to each model, and so estimated the posterior odds as the Bayes Factor: P(Data|Model 1) / P(Data|Model 0). For further details see Supplemental material.
Linkage Disequilibrium (LD)
Haplotypes were inferred in the 24 CEPH trios using an Expectation-Maximization algorithm developed for trio data and implemented in the TagIT software package ; http://popgen.biol.ucl.ac.uk/software.html) tests for Hardy-Weinberg equilibrium, and pairwise r 2 measures of LD, were calculated on the inferred haplotypes with routines available in the TagIT package, and using a Bayesian approach as detailed in the Supplemental material. In the unrelated patients, haplotypes were inferred using the Partition-Ligation algorithm implemented by PL-EM (Qin et al. 2002) , and the haplotypes and frequencies were imported into TagIT for analysis of LD patterns. Design of haplotype tagging SNPs was done following Goldstein et al. (2003) , as described in the Supplemental material.
Tests of Association
Associations of allelic and genotypic frequencies and multidrug resistance at 3435C>T and the three candidate causal variants identified in this study were assessed in a cohort of 286 drugresistant and 135 drug-responsive epileptic patients. Genotypes were obtained by direct sequencing using primers available upon request from the authors. Appropriate details on the patients are given in Siddiqui et al. (2003) . All subjects gave written informed consent for the study. The study of patient data was approved by the joint research ethics committee of the National Hospital for Neurology and Neurosurgery and the UCL Institute of Neurology. Allelic and genotypic frequencies were tested for significant association with the drug response phenotype using 2 and Fisher's exact tests. All reported values are two-sided. Significance was set at 0.05. Haplotypic association was assessed using the loglikelihood ratio method implemented in the EH and PM programs (Zhao et al 2000;  http://web1.iop.kcl.ac.uk/IoP/ Departments/PsychMed/GEpiBSt/software.shtml). This involves calculating log-likelihoods of estimated haplotype frequencies for each of cases, controls, and cases and controls combined. The test statistic 2*(ln(Lcase)+ln(Lcontrol)‫מ‬ln(Lcase/Lcontrol)) is then applied, giving a 2 value with n‫1מ‬ degrees of freedom (where n = number of haplotypes). The evidence of causation for each of the four polymorphisms described above, beneath the heading "Association With Drug Response in Patients With Epilepsy," was compared using a log linear model.
Prediction of Transcription Factor Binding Sites
The ABCB1 sequences were compared with published sequence nucleotide and dbSNP divisions of the NCBI database using the BLASTN algorithm (Altschul et al. 1990 ). To assess whether the identified polymorphisms affected binding to transcription factors, for each of the three sites we submitted 40 base pair DNA stretches containing each of the two alleles to the TESS algorithm (Schug and Overton 1997) , which predicts transcription factor binding sites (http://www.cbil.upenn.edu/tess). The algorithm was set at 12 minimum log-likelihood ratio score, 6 minimum string length, 0.75 minimum core similarity, and 0.85 minimum matrix similarity.
Phylogenetic Shadowing
We amplified 850 nucleotides around the IVS 25+3050 G>T site in 17 primate species (C. neglectus, S. entellus, C. olivaceus, G. gorilla, C. guereza, M. sphinx, T. obscurus, C. polykomos, P. nemaeus, C. mitis, M. mulatta, H. leucogenis, P. hamadryas, M. arctoides, M. fascicularis, H. sapiens, P. troglodytes) , and 1.6 kb around the 3435C>T site, containing the entire exon 26 (C. aetiops, C. guereza, C. mitis, C. neglectus, C. polykomos, P. troglodytes, G. gorilla, H. lar, H. sapiens, M. fascicularis, M. mulatta, M. sphinx, P. abelii, P. hamadryas, S. entellus) . Evolutionary conservation was analyzed using phylogenetic shadowing (Boffelli et al. 2003) implemented using the eShadow program (I. Ovcharenko, pers. comm.; http:// eshadow.dcode.org). Alignment gaps were included in the analysis. Optimization of parameters for phylogenetic shadowing was obtained under the HMM Islands model with Maximum Likelihood option. Emission probabilities for nucleotide substitution being in slow-(eS) or fast-mutation state (eF), and the transition probability T from one state to another, were determined experimentally by training the algorithm on the 207 nucleotides of exon 26, included within the larger amplicon. The parameters so obtained (eS 0.9227, eF 0.6986, T 0.0013) were applied for the analysis of (1) the region surrounding the IVS 25+3050 G>T site (Fig. 4A) , and (2) the intronic sequences surrounding the IVS 25+5231 T>C and IVS 26+80 T>C sites (Fig. 4B) , using the HMM Islands model no-parameter optimization. All analyses were implemented using eShadow (http://eshadow.dcode.org).
